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The aim of this study was to characterise the aerosolisation properties of salbutamol sulphate (SS)
from dry powder inhaler (DPI) formulations containing different carrier products. The difference in the
elongation ratio (ER) of the different carriers was highlighted. Different set of carriers, namely commer-
cial mannitol (CM), commercial lactose (CL), cooling crystallised mannitol (CCM), acetone crystallised
mannitol (ACM) and ethanol crystallised mannitol (ECM) were used and inspected in terms of size,
shape, density, crystal form, flowability, and in vitro aerosolisation performance using Multi Stage Liquid

ﬁ;’:\;ﬂgf: Impinger (MSLI) and Aerolizer® inhaler device. Solid-state and morphological characterization showed
Lactose that CM product was in pure B-form having particles with smaller ER (CM: ER=1.62 £ 0.04) whereas

ACM and ECM mannitol particles were in pure o form with higher ER (ACM: ER=4.83 +0.18, ECM:
ER=5.89+0.19). CCM product crystallised as mixtures of B-form and 8-form and showed the largest
variability in terms of particle shape, size, and DPI performance. Linear relationships were established
showing that carrier products with higher ER have smaller bulk density (D), smaller tap density (D),
higher porosity (P), and poorer flow properties. In vitro aerosolisation assessments showed that the higher
the ER of the carrier particles the greater the amounts of SS delivered to lower airway regions indicat-
ing enhanced DPI performance. Yet, DPI performance enhancement by increasing carrier ER reached a
“limit” as increasing carrier ER from 4.83 +0.18 (ACM) to 5.89+0.19 (ECM) did not significantly alter
fine particle fraction (FPF) of SS. Also, carrier particles with higher ER were disadvantageous in terms of
higher amounts of SS remained in inhaler device (drug loss) and deposited on throat. Linear relation-
ship was established (1% =0.87) showing that the higher the carrier ER the lower the drug emission (EM)
upon inhalation. Moreover, poorer flowability for carrier products with higher ER is disadvantageous in
terms of DPI formulation dose metering and processing on handling scale. In conclusion, despite that
using carrier particles with higher ER can considerably increase the amounts of drug delivered to lower
airway regions; this enhancement is restricted to certain point. Also, other limitations should be taken
into account including higher drug loss and poorer flowability.
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1. Introduction et al., 1998). The typical concentration of drug in drug—carrier DPI

formulations is low (e.g. 1 drug: 67.5 carrier) (Timsina et al., 1994)

Efficient drug delivery to the lungs through dry powder inhalers
(DPIs) is dependent on several factors including inhaler device,
formulation, and inhalation manoeuvre. Preparing ideal DPI formu-
lations requires control overall formulation characteristics at par-
ticulate and bulk level to ensure the drug delivery to lower airway
regions (Malcolmson and Embleton, 1998; Heyder et al., 1986). In
DPI formulations, it is customary to blend micronized drug particles
(lessthan 5 wninsize) with larger carrier particles to address flowa-
bility and dose variability issues (Telko and Hickey, 2005; Feeley
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as in the case of Ventolin Rotocaps® (Glaxo) and cyclohaler® (Phar-
bita). Therefore, during drug-carrier mixing, drug particles will
preferably adhere to the active binding sites (more adhesive areas
(Hersey, 1975)) on the carrier surface and expected to separate from
carrier surface upon inhalation. Drug re-dispersion is considered
most important for getting drug particles into deep lung airway
regions (Zeng et al., 2000). Usually, only small amounts of drug
reaches the lower airway regions due to strong drug-carrier adhe-
sion (Young et al., 2005). Indeed, drug re-dispersion is a function of
balance between cohesive forces (between the drug particles) and
the adhesive forces (between drug and carrier particles) (Frijlink
and De Boer, 2004). In order to aerosolise drug particles, patient
inspiratory force should overcome drug-carrier adhesive forces
which are dependent on physicochemical properties of both drug


dx.doi.org/10.1016/j.ijpharm.2011.09.010
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:a.nokhodchi@kent.ac.uk
dx.doi.org/10.1016/j.ijpharm.2011.09.010

W. Kaialy et al. / International Journal of Pharmaceutics 421 (2011) 12-23 13

particles and carrier particles (Prime et al., 1997; Berard et al.,
2002; Ferron, 1994). Consequently, the characteristics of carrier
particles must be well-controlled in terms of size, morphology,
crystal form, surface energy, etc. It has been reported that the dif-
ferences in carrier particle size is likely to have significant impact
on DPI aerosolisation performance (Steckel and Miiller, 1997). The
presence of fine particles on carrier surface may decrease the
drug-carrier contact area and consequently drug-carrier adhesion
forces leading to improved DPI performance (Louey et al., 2003).
Better aerosolisation performance was observed when the carrier
tap density was higher (Kaialy et al., 2011a), whereas no correlation
was found between carrier flowability and DPI performance (Kaialy
et al,, 2011b; Louey and Stewart, 2002). Carriers with reduced dis-
persive surface energy produced higher fine particle fraction (FPF)
of the drug upon aerosolisation (Sethuraman and Hickey, 2002).
Carrier particles with higher elongation ratio (Hamishehkar et al.,
2010)orincreased surface roughness (Kaialy et al., in press) showed
favorable inhalation properties.

In this paper, in order to improve the understanding of the effect
of carrier physical properties on DPI performance, the influence of
using carrier particles with considerably different morphologies on
the content uniformity and inhalation behaviour of a model drug
(salbutamol sulphate) from Aerolizer® DPI inhaler device were
investigated.

2. Materials and methods
2.1. Materials

Micronized Salbutamol Sulphate (LB Bohle, Germany) was
employed as a model drug (ds5gy = 1.8 £ 0.3 um). Mannitol, acetone,
and absolute ethanol were supplied from Fisher Scientific, UK. Lac-
tose was obtained from DMV International, Netherlands.

2.2. Preparing of different carrier products

Five different carrier powders were investigated including
commercial mannitol (CM), commercial lactose (CL), cooling crys-
tallised mannitol (CCM), acetone crystallised mannitol (ACM) and
ethanol crystallised mannitol (ECM). CM and CL and were used as
received from suppliers. CCM product was prepared as follows:
5 g of mannitol was dissolved in 25 mL deionised water to prepare
20% saturated solution of mannitol under heating (40°C) and stir-
ring (250 rpm). Once prepared, mannitol saturated solution was
removed from heating and left uncovered in ambient conditions
(22°C, 50% RH) for 96 h. After that, CCM particles were collected by
spatula and transferred to watch glass for further drying. The watch
glass containing CCM particles were left to dry in drying oven for
24 h at 80°C after which they were transferred to glass vials and
sealed until required. The yield was 97.60% for this sample. ACM
(Kaialy et al., 2010a) and ECM (Kaialy et al., 2010b) were prepared
using the published methods. DSC traces showed that no water was
associated with mannitol crystallised samples after drying (figures
not shown).

The reproducibility of the crystallization technique for crys-
tallised mannitol powder was tested by making 3 batches. Analysis
on each specific batch demonstrated that, when stored at ambi-
ent conditions (22 °C, 50% RH); solid state, size, and aerosolisation
performance was not significantly influenced.

2.3. Sieving

In order to limit the effect of carrier particle size, all carrier pow-
ders were sieved to separate particles in geometric size fractions of
63-90 wm (Bell et al., 2006; Byron and Jashnam, 1990; Steckel et al.,
2004). These size fractions were obtained after mechanical sieving

by pouring each carrier powder onto the top of 90 um sieve which
was placed above 63 um sieve. The sieve shaker (Retsch® Gmbh
Test Sieve, Germany) was then operated for 15 min. After the siev-
ing process was complete, the particles retained on the 63 pm sieve
were collected and stored in sealed glass vials until required for fur-
ther investigation. All investigations described below on carriers
were performed on the 63-90 pm size fractions.

2.4. Image analysis using optical microscopy

Dynamic shape analysis was employed to assess particle shape
of different carriers using image analysis software (designed in-
house at King's College, London) installed on an Archimedes
computer attached to an optical microscope (Nikon Labophot,
Tokyo, Japan) via a miniature video camera). For each carrier sam-
ple, a micro-spatula was used to sample about 20 mg of powder and
then finger tapped until the powder was homogeneously scattered
onto a microscopic slide. For each sample, one hundred particles
were selected from different positions and measured. Particle elon-
gation ratio (ER) and roundness (RO) were calculated using Eqgs. (1)
and (2) respectively:

Maximum feret diameter
" Minimum feret diameter

ER (1)
. 2

RO — (Perimeter)
4 x T x area

(2)

where the minimum and maximum Feret diameters were calcu-
lated from 16 calliper measurements at 6° intervals around the
particle and “area” in Eq. (2) is the area occupied by particle images.

2.5. Scanning electron microscope (SEM)

Electron micrographs of all carrier samples were obtained
using a scanning electron microscope (Philips XL 20, Eindhoven,
Netherlands) operated at 15 kV. The specimens were mounted on
a metal stub with double-sided adhesive tape and coated under
vacuum with gold in an argon atmosphere prior to observation.

2.6. Particle size measurements

Particle size analyses were conducted by Sympatec laser
diffraction particle size analyser (Clausthal-Zellerfeld, Germany) as
described in details elsewhere (Kaialy et al., 2010b).

2.7. True density assessments

Ultrapycnometer 1000 (Quantachrom, USA) was employed to
assess true density of salbutamol sulphate and all carrier samples
under helium gas. The input gas pressure was 19 psi and the equi-
librium time was 1 min.

2.8. Powder flow and porosity assessment

Bulk density (D, ) and tap density (D;) of all carrier powders were
measured as descriptors of bulk powder cohesive properties. Each
carrier powder was filled in 5 mL measuring cylinder and then after
recording the volume (bulk volume) the cylinder was tapped 100
times and the new volume was recorded (tapped volume). A pre-
liminary experiment showed that 100 taps (n=100) was sufficient
to attain the maximum reduction in the volume of powder bed. Dy,
and D; were calculated as powder weight over powder bulk vol-
ume (n=0) and tap volume (n=100) respectively. Flowability of
each carrier powder was estimated by Carr’s compressibility index
(CI) and Hausner ratio (H) calculated using Egs. (3) and (4) (Carr,
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19654, b; Hausner, 1967) where Dy, and D; represent bulk density
and tap density respectively.

Cl=100 x 2t=Pb 3)
t
Dy
Hg = B, (4)

Angle of repose («) is the most commonly used method to describe
powder flowability (Kumar et al., 2004). In order to calculate (&), a
pile was built by dropping 1 g of powder through a 75 mm flask on
a flat surface. The height between the base where the powder was
poured and the funnel tip was 3 cm. The angle of repose (o) was
then calculated by the following equation:
2h

Tana = o (5)
where h is the height of the powder cone and D the diameter of the
base of the formed powder pile. Higher CI, higher Hg, or higher o
is indicative of poorer flow properties. Porosity (P) of each carrier
powder was calculated using the following equation (Kumar et al.,
2001)

P:lOOx(l—%) (6)

t

2.9. X-ray powder diffractometery

PXRD patterns of the samples were collected on a Siemens
DIFFRACplus 5000 powder diffractometer with CuKa radiation
(1.54056 A). The tube voltage and amperage were set at 40kV and
40 mA, respectively. The monochromator slit was set at 20 mm
sample size. Each sample was scanned between 5° and 40° in 260
with a step size of 0.01° at 1step/s. The sample stage was spun at
30rpm. The instrument was calibrated prior to use, using a silicon
standard.

2.10. Blending of salbutamol sulphate with different carriers

Each 63-90 wm sieved carrier powder was mixed with salbuta-
mol sulphate (SS) at a ratio of 67.5:1 (w/w) in accordance with the
ratio used in commercial product Ventolin™ Rotacaps™ (GSK).
Powders (about 2g) were filled in cylindrical aluminum bottle
(6.5 cm diameter x 8 cm height) and blended using Turbula® mixer
(Maschinenfabrik, Basel, Switzerland) for 30 min at a constant
speed of 100 rpm. Five different formulations were prepared with
five different carrier products and then stored in tightly sealed vials
until use.

2.11. Drug content uniformity test

In order to examine drug content uniformity for different formu-
lations after blending, minimum five aliquots (taken from random
positions of each blend) of 33 +1.5mg (which is the amount of
powder equivalent to a unit dose) were accurately weight. Then
each aliquot was dissolved in deionised water to 100 mL volumet-
ric flask final volume and the amount of SS was analyzed using
HPLC described elsewhere (Kaialy et al., 2010a). For each blend, the
average drug content was calculated and the mean drug recovery
(% uniformity) was expressed as a percentage to the expected the-
oretical dose (481 + 22 ug). Blends homogeneity was expressed as
the percentage coefficient of variation in drug content (CV, %).

2.12. Capsule filling

Each formulation blend was loaded manually into size 3
hard gelatin capsules with 33 +1.5mg powder corresponding to

481 + 22 pgof SSin each capsule as theoretical dose. Following fill-
ing, capsules were sealed in tight glass vials till used in deposition
analysis.

2.13. Deposition test of Salbutamol sulphate

Invitro aerosolisation performance of SS from Aerolizer® inhaler
device (supplied by Vectura, UK, and originated by Novartis,
Switzerland) was determined and Multi Stage Liquid Impinger
(MSLI) equipped with USP induction port (Copley scientific, Not-
tingham, UK) at flow rate of 92 L/min (corresponds to a pressure
drop of 4 KPa across the device). The MSLI assemble and deposition
experiments were performed as described by USP Pharmacopeia
(2003) and explained in details elsewhere (Kaialy et al., 2010a).
Several deposition parameters were used to characterize the drug
aerosolisation behaviour from different formulation blends. The
recovered dose (RD) was defined as the sum of the amounts of drug
(pg)recovered frominhaler device with its fitted mouthpiece adap-
tor (I+M), induction port (IP), and all stages of the MSLI. The emitted
dose (ED) was defined as the amount of drug delivered from the
inhaler device, which is collected from the IP and all MSLI stages.
Fine particle dose (FPD) (defined as amounts of drug particles
with aerodynamic diameter <5 pwm), mass median aerodynamic
diameter (MMAD), and geometric standard deviation (GSD) were
calculated from the interpolation of drug aerodynamic size distri-
bution as described in details elsewhere (USP Pharmacopeia, 2003).
Fine particle fraction (FPF) was calculated as the percentage of FPD
to the RD. Dispersibility (DS) was calculated as the percentage of
FPD to the ED. Effective inhalation index (EI) was calculated as
follows:

El = (EM x FPF)? 7)

Theoretical aerodynamic diameter of SS (D) was calculated from
geometrical mean particle diameter (De) and particle true density
(p) using the following equation (Velaga et al., 2004):

0\ 05
Dae = De x (Y) (8)
where X is shape factor for non-spherical particles which was esti-
mated to be 1 (Hassan and Lau, 2009). The percent total recovery
(RE) was calculated as the ratio of the RD to the theoretical dose
(481 +£22 p.g). The percent emission (EM) was the percent ratio of
the ED to RD. Impaction loss (IL) was defined as the amount of drug
deposited on the IP and stage 1 of the MSLI as a percentage to the
RD. A total of 5 different DPI formulation blends were investigated
with 5 different carrier powders and all in vitro assessments were
performed in triplicate.

2.14. Statistical analysis

One way analysis of variance (ANOVA) test was applied to com-
pare mean results in this study considering Pvalues less than 0.05 as
indicative of significant difference. This test was conducted using
Excel software (2007, UK). When appropriate and when ANOVA
indicated significant difference, Tukey’s Honestly Significant Dif-
ference (HSD) test was performed.

3. Results and discussions
3.1. Characterization of carrier particle size and morphology

Elongation ratio (ER) and roundness (RO) for different carrier
particles were measured and results are shown in Fig. 1 along with
representative photographs of different carrier particles. It can be
seen that the particle morphologies of different carrier samples
differ considerably (Fig. 1). A typical sphere (represented by two
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Fig. 1. Representative photographs of different carrier crystals: (CM) commercial mannitol, (CL) commercial lactose, (CCM) cooling crystallised mannitol, (ACM) acetone

crystallised mannitol, and (ECM) ethanol crystallised mannitol.

dimensional circle) with surface asperities below the level of dis-
crimination of the employed method will have ER and RO values of
1 (Larhrib et al., 1999). The ER for different carrier particles ranged
from 1.62 4 0.04 for CM to 5.89 £ 0.2 for ECM (mean + SE, n=100)
(Fig.1).Higher ER indicates that particles are more elongated and/or
more irregular in shape (Allen, 1981).

RO is a second order shape property reflecting variations at
particle corners (Barrett, 1980). Particles with higher particle RO
is indicative of their more irregular shape and/or rougher sur-
face. RO measurements for different carrier particles ranged from
1.36+0.13 for CLto 6.49 +2.91 to ECM (mean =+ SE, n=100) (Fig. 1).
Interacting carrier particles are expected to have different interpar-
ticulate forces depending on interparticulate contact area. Carrier

particles with high ER and high RO values are likely to exhibit pro-
nounced internal friction due to angular shape of the particles and
thus are expected to have different aerosolisation characteristics
(Zeng et al., 2001a, b).

However, the use of only shape factors may not be sufficient to
study the effect of particle shape since particle shape assessments
using microscopic image analysis can be influenced by particle
orientation and contact hindering the accuracy of the technique
(Hassan and Lau, 2009). Therefore, shape and surface morphology
of all carrier particles was qualitatively examined by SEM. Rep-
resentative SEM electrographs for different carriers are shown in
Fig. 2. It can be seen that carrier samples varied considerably
in terms of particle size, shape, and surface morphologies. SEM

(b) 50 pm

Fig. 2. SEM micrographs of different 63-90 pm sieved carriers: (CM) commercial mannitol, (CL) commercial lactose, (CCM) cooling crystallised mannitol, (ACM) acetone

crystallised mannitol, and (ECM) ethanol crystallised mannitol.
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Fig. 3. Mean particle size at 10% (Dy,, 10%] ), 50% (Dyy, 50%)), 90% (Dyy, 90%)) volume dis-
tribution, volume mean diameter (VMD) (a); volume specific surface area (SSAv),
bulk density (Dy), tap density (D), span (b); porosity (P), Carr’s index (CI), angle
of repose (c), and Hausner ratio (Hg) (c) of different 63-90 wm sieved carriers:
commercial mannitol (CM), commercial lactose (CL), cooling crystallised manni-
tol (CCM), acetone crystallised mannitol (ACM), and ethanol crystallised mannitol
(ECM) (mean +£SD, n > 3).

micrographs showed the typical shape reported in literature for
CM (angular particles with surface asperities) (Fig. 2a; Tang et al.,
2009; Ansari and Stepanek, 2008; Rajniak et al., 2007) and CL
(tomahawk shape) (Fig. 2b; Van Kreveld and Michaels, 1965;
Raghavan et al., 2000). CCM sample was observed as particles with
surface protuberances forming angular edges (Fig. 2¢). In line with
ER and RO values obtained by image analysis (Fig. 1), ACM and
ECM particles were more elongated and more irregular (deformed)
in shape than both CM and CL (Fig. 2d and e). Also, it is evident that
ACM and ECM particles are less homogenous (less uniform) with
varying degrees of agglomeration (Fig. 2d and e). CM, CL, and CCM
particles showed wrinkled surface topography with high degree
of roughness and asperities (Fig. 2a-c). In contrast, ACM and ECM
samples consist of particles with smoother surface and higher
amounts of fines (Fig. 2d and e).

In fact, particle shape and size determinations are dependent
on each other since assumptions about particle size should be
made in order to define particle shape and vice versa. Particle size
distributions (PSD) for all carrier powders were measured and the
data are shown in Fig. 3. It can be seen that despite all samples were
sieved carefully into the same size fraction intended for this study
(63-90 wm); identical PSDs for different carrier powders could not
be obtained. Statistically, the PSD [in terms of mean particle size at
10% (Dyy, 10%])» 50% (Dyy, 50%), 90% (Dyy, 90%)) volume distribution and
volume mean diameter (VMD)] for different carriers were in the
following rank order (Fig. 3a): CM>CL>CCM > ACM ~ ECM. These
differences in carrier particle size could be, in part, attributed to

12 18
O FCaoum R?=0.9816 16
101 ®span 2=0.9109 0__8 14 _
s 4 kT 12 &
z - 1 &
& % o - L 08
4 (®) 06 ™
) ] L 0.4
0.2
0 v v - - v - 0
¢ 005 01 015 02 025 03 035

SSA, (m*/cm?)

Fig. 4. Relationships between carrier volume specific surface area (SSAv), span, and
fine particles content FC<10.5 wm for different carriers (mean +SD, n=3).

differences in particle shape as, after sieving; PSD is more related
to particle breadth which is considerably different from VMD
measured by laser diffraction. In case of CM, CL and CCM samples,
particle VMD might have been overestimated by laser diffraction
due to their rougher particle surface morphology (Fig. 2; Chew and
Chan, 2001). Also, low accuracy in terms of PSD is expected in case
of ACM and ECM particles due to their needle-like shape (Fig. 2;
Tinke et al., 2008; Neumann and Kramer, 2002).

Unlike CM and CL, which contain no fine carrier particles
(FC<10 pm), small amounts of “intrinsic” (not added) fines could
be detected in case of CCM (6.7 +0.3%), ACM (8.6 & 2.0%) and ECM
(4.14+3.0%). Correlating well with SEM micrographs, CM and CL
showed considerably (P<0.05) smaller span values (calculated as
Dyy, 90%] — Diw, 10%1/Pyv, 50%)) than ACM and ECM samples (Fig. 3b)
indicating their more homogeneous PSD. This could be attributed
to heterogeneous growth of the crystals in case of CCM, ACM
and ECM resulting in wider PSD. Volume specific surface area
(SSAy) of different carrier particles were in the following rank
order: CM<CL<ECM<CCM<ACM (Fig. 3b). In agreement with
previous studies (Sethuraman and Hickey, 2002), Fig. 4 shows
higher SSA, for carriers with wider size distribution (higher span)
(linear, r2=0.9109) and higher fines content (FC<10 wm) (linear,
2 =0.9816).

3.2. Assessment of carrier density and flowability

True density (Diue), bulk density (Dy), and tap density (D:)
of different carrier particles were measured. Dirye for CM and CL
(Table 1) were similar to true density values reported in literature
(1.514g/cm3 and 1.545 g/cm3 for CM and CL, respectively (Rowe
et al., 2003)). CCM showed the smallest D¢ye While ACM and ECM
showed similar D¢ye (P>0.05) (Table 1). Unlike Dyrye, which is a
particle characteristic property, D}, and D; are powder characteris-
tic properties. Statistically, Dy, and D; for different carrier powders
were in the following rank order: CL>CM>CCM>ACM>ECM
(Fig. 3b). Carrier powder porosity (P) has significantly increased

Table 1

True density (Dirye ) (mean & SD, n>3), flow character, and polymorphic form of dif-
ferent carrier products: commercial mannitol (CM), commercial lactose (CL), cooling
crystallised mannitol (CCM), acetone crystallised mannitol (ACM), and ethanol crys-
tallised mannitol (ECM).

Carrier product Dirye (g/cm3) Flow character Polymorphic form

(63-90 wm)

(@Y 1.52 (0.00) Good-fair B
CL 1.55(0.05) Good-fair o
CCM 1.48 (0.01) Fair B+é
ACM 1.51(0.01) Poor o
ECM 1.51 (0.00) Very poor o
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from 59.76 +2.28% for CL to 95.86 & 0.18% for ECM (Fig. 3c). Com-
paring all ER, Dy, and P values for different carriers showed that
carriers with higher ER have smaller Dy, (linear, r2 =0.963), smaller
D¢ (linear, r2=0.9558), and higher P (linear, r2=0.9697) (Fig. 5a).
This could be explained by high interlocking ability (as confirmed
by Fig. 2) and high void spaces between elongated particles (uni-
sometric particles). In fact, a carrier with smaller D, and high
er P (due to higher particle ER) is indicative that this carrier has
lower Van der Waal interparticulate forces as a result of decreased
number of average contact points between particles (Edwards et al.,
1997; Fukuoka and Kimura, 1992; Neumann, 1967).

In order to obtain valid flowability data for different samples,
Carr’s index (CI), Hausner ratio (Hg), and angle of repose («) for all
carrier powders were measured and shown in Fig. 3c. It can be seen
that CM, CL, and CCM powders have considerably (P<0.05) smaller
CI, smaller Hg, and smaller o than ACM and ECM powders (Fig. 3¢).
These differences reflect different interparticulate forces and flow
characteristics among carrier powders (Table 1). In fact, this was
understandable considering morphological differences between
carrier particles (Figs. 1 and 2). Direct linear relationships were
obtained when plotting carrier particle ER against o (% =0.9766)
or CI(r2 =0.9975) (Fig. 5b), indicating poorer flowability for carriers
with higher particle ER.

3.3. Carrier solid state characterization

Different carrier samples were analysed using Powder X-ray
diffraction (PXRD) and all patterns are presented in Fig. 6. All sam-
ples were highly crystalline in nature. Mannitol is known to exist
in three anhydrous polymorphic forms and one hydrated form
(Campbell Roberts et al., 2002). The peaks in the PXRD patterns of
the mannitol samples were compared with the reference patterns
of pure a-, B-, and d-mannitol (Yoshinari et al., 2002; Yu et al.,
1999; Hawe and Frie, 2006; Burger et al., 2000; Debord et al., 1987;
Jones and Lee, 1970). CM was confirmed to be 3-form (most sta-
ble form at ambient conditions) with characteristic PXRD peaks
at 10.56° and 14.5° 20 whereas ACM and ECM products were o-
forms with diagnostic peaks at 9.57°, 13.79°, and 17.2° 20 (Fig. 6).
CCM showed diagnostic peaks of both (3-form (at 10.56° and 14.5°
26) and d-form (at 9.7° and 22.2° 26) (8-mannitol is metastable
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Fig. 6. XRPD patterns of different carriers: (CM) commercial mannitol, (CL) com-
mercial lactose, (CCM) cooling crystallised mannitol, (ACM) acetone crystallised
mannitol, and (ECM) ethanol crystallised mannitol. *: B-mannitol specific peak, #:
a-mannitol specific peak, |: 8-mannitol specific peak, : a-lactose-monohydrate
specific peak.

form, stable for 5 years in dry atmosphere at 25°C) (Sharma and
Kalonia, 2004; Walter-Levy, 1968). CL showed the PXRD pattern of
a-lactose-monohydrate which has been well documented by previ-
ous studies (Haque and Roos, 2005) having specific diagnostic peaks
at12.5°,16.4°,and 20° 26.In conclusion, CM product was (3-form, CL
product was a-form, ACM and ECM products were a-forms, while
CCM crystallised as mixtures of a-form and d-form.

3.4. Drug-carrier formulation assessments

3.4.1. Drug content uniformity

Mean drug potency (% uniformity to theoretical dose:
481+22 pg) and coefficient of variation (% CV) of drug con-
tent obtained from formulation blends containing different
carriers were assessed and shown in Fig. 7. Uniformity (%) of all
formulation blends fall within the acceptable range of nominal
dose +10% for SS in DPI dosage forms. In general, carriers with
higher ER produced higher (P<0.05) % uniformity of SS within
SS-carrier formulations (Fig. 7). CV (%) of SS content varied from
8.0% to 10.9% for different blends. In fact, variations in the drug
content homogeneity (expressed as % CV) for DPI formulations
containing different carriers were expected, as different powders
may require different mixing conditions (Staniforth et al., 1982).
Nevertheless, as blending has a significant effect on drug-carrier
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Fig. 7. (O) Uniformity and (M) coefficient of variation (CV) of salbutamol sulphate
content obtained from formulations containing carriers with different elongation
ratio (ER).
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Commercial lacse—SS
ER of lactose = 1.64+0.04
FPF of SS =18.61+1.18%

o—o 10 pm

: e
Commercial mannitol-SS
ER of mannitol = 1.62+0.04

FPF of S5 =14.85+0.80%

Cooling crystallised mannitol-SS
ER of mannitol = 2.2240.15
FPF of S8 = 30.60+1.68%

Acetone crystallised
ER of mannitol =4.83+0.18
FPF of SS = 38.60+1.65%

Ethanol crystallised mannitoS
ER of mannitol = 5.89+0.19
FPF of S8 =37.54£1.08%

Fig. 8. SEM micrographs of formulation blends containing salbutamol sulphate with different 63-90 wm sieved carrier particles: (CM) commercial mannitol, (CL) commercial
lactose, (CCM) cooling crystallised mannitol, (ACM) acetone crystallised mannitol, and (ECM) ethanol crystallised mannitol. ER: elongation ratio, FPF: fine particle fraction

(mean £ SE).

interactions (interparticulate forces) (lida et al., 2000; Dickhoff
etal., 2006), and for the comparison purpose of this study, blending
process for all formulations was kept consistent.

3.4.2. Evaluation of drug-carrier formulations by SEM

SEM micrographs showed the typical rod-like particles of
micronized SS (Fig. 8a; Raula et al., 2007; Young and Price,
2004; Elajnaf et al.,, 2006) as aggregates. However, in case of
drug-carrier formulations, SS appeared to be adhered to car-
rier particles as individual particles (Fig. 8b-f). This confirms the
formation of drug-carrier interactive mixtures typical for DPI sys-
tems. By observing surface topography of different carrier particles
using higher magnifications, macroscopic depressions and cavi-
ties could be observed in case of CM (Fig. 8b), CL (Fig. 8c), and
CCM (Fig. 8d). These macroscopic depressions might cause drug
entrapment within carrier surface leading to poor drug-carrier
detachment upon inhalation (Ganderton and Kassem, 1992). On the
other hand, it is evident that ACM and ECM particles have flatter

and smoother surfaces (Fig. 8e and f). To a certain point, the increase
in surface flatness of carrier particles is expected to facilitate drug
re-dispersion during aerosolisation process (due to decreased num-
ber of drug particles remained on the macroscopic depressions on
carrier surface following inhalation (lida et al., 2003)). Morphologi-
cally, it was noted that ACM and ECM particles have higher amounts
of drug particles attached on their surface (Fig. 8e and f). This could
be related to higher SSA, for ACM and ECM particles (Kawashima
etal,, 1998) asitis evidentin Fig. 8e and f and further quantitatively
supported by laser diffraction as discussed previously (Fig. 3b).

3.4.3. Invitro aerosolisation studies

The deposition patterns of SS from different formulation blends
are shown in Fig. 9. It can be seen that different formulations pro-
duced different SS deposition profiles. SS deposited preferably on
MSLI-stage 1, representing the upper airway regions, irrespective
of the formulation/carrier whereas all formulations exhibited min-
imal SS deposition on the MSLI-filter (Fig. 91).
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Fig. 9. Amounts of salbutamol sulphate (SS) deposited on inhaler with mouthpiece
adaptor (I+M), induction port (IP), and different MSLI stages (I), and aerodynamic
particle size distribution of SS (II) obtained from formulation blends containing
commercial mannitol (CM), commercial lactose (CL), cooling crystallised manni-
tol (CCM), acetone crystallised mannitol (ACM), and ethanol crystallised mannitol
(ECM).

Amounts of SS remained in inhaler with mouthpiece adap-
tor (I+M) (drug residue or drug loss) has considerably (P<0.05)
increased from 3.7 £0.2% for CM blend to 8.4 4 2.2% for ECM blend
(Fig. 91). Amounts of SS deposited on IP (resembling the human
oropharynx) have significantly increased from 2.5 + 0.1% for SS-CL
formulation to 14.02 £0.93% for SS-ECM formulation (Fig. 9I).
Higher amounts of drug deposited on IP is considered disadvan-
tageous for DPI systems, as increased amounts of drug deposited
on the oropharyngeal region might increase the potential for local
side effects.

In contrast to SS-CM and SS-CL formulations, SS-ACM and
SS—-ECM formulations delivered the largest proportion of SS to MSLI
stages 2, 3, and 4 and the least amounts to MSLI stage 1 (Fig. 9I).
Aerodynamic PSD of SS obtained from different formulations is
shown in Fig. 9IL. It can be seen that linear aerodynamic PSD curves
with different slops were obtained for all different formulations.
Apparently, the slope of these curves reflects the tendency of drug
particles to penetrate deeper into lower lung airways. These slope
values (named constant K) obtained from aerodynamic PSD for all
tested formulations are listed in Table 2. These findings indicate
that the efficiency of SS particles detachment from carrier surface
was dependent on the carrier type employed within each formula-
tion.

Fig. 10 shows the effect of carrier ER on SS deposition profiles. It
can be observed that, in general, carriers with higher ER produced
higher amounts of drug remained in I+M and/or deposited on
IP (Fig. 10a). This could be due to the poor flowability and high
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Fig. 10. Amounts of salbutamol sulphate (%, emitted dose) deposited on inhaler
with mouthpiece adaptor (I+M), induction port (IP) (a), various MSLI stages (b), and
cumulative amounts of SS with aerodynamic diameter <10.5 m, <5.5 um, <2.5 pum,
and <1.4 wm in relation to carrier elongation ratio (ER) (mean+SD, n=3).

cohesive nature of carriers with higher ER, as discussed earlier
(Fig. 5b). Poor flowability of carriers with higher ER results in
poor powder fluidization (dispersion) upon inhalation and conse-
quently higher amounts of powder retained by the plastic gird of
the Aerolizer® and/or the aggregates deposited on the throat (IP)
(Rabbani and Seville, 2005; Seville et al., 2002; Begat et al., 2004).
Generally, carriers with higher ER deposited smaller amounts
of SS on MSLI stage 1 while higher amounts on MSLI stages 2, 3,
and 4 (Fig. 10b). In Fig. 10c, cumulative amounts of SS with aero-
dynamic size less than 10.49 wm, 5.49 pum, 2.5 um, and 1.37 um

Recovered dose (RD), emitted dose (ED), recovery (RE), emission (EM), impaction loss (IL), dispersibility (DS), fine particle dose (FPD), fine particle fraction (FPF), effec-
tive inhalation index (EI), and constant K of salbutamol sulphate obtained from DPI formulations containing commercial mannitol (CM), commercial lactose (CL), cooling
crystallised mannitol (CCM), acetone crystallised mannitol (ACM), and ethanol crystallised mannitol (ECM) (mean +SD, n=3).

Carrier RD (m) ED (pm) RE (%) EM (%) IL (%) DS (%) FPF (%) EI (%) FPD (g) Constant K
CM 3815+ 83 367.3 + 8.8 79.3 £ 1.7 96.3 £ 0.2 75.7 £ 0.7 154 + 1.1 148 +£ 1.1 378 £ 1.5 56.7 + 5.6 221+16
CL 317.0 £ 5.1 2994 + 6.6 65.9 + 1.0 94.5 + 0.6 67.8 £ 4.7 19.7 £ 1.9 18.6 + 1.7 419+ 1.8 59.0 £ 43 282 +3.0
cCM 469.5 + 30.2 447.6 + 28.9 97.6 + 6.3 95.3 +£0.2 517+ 74 31.7 £ 49 30.3 + 4.7 53.6 £ 4.3 142.8 + 294 45.6 + 7.1
ACM 426.6 + 25.3 396.7 £ 29.9 88.7+53 929+ 1.6 381420 415+ 26 38.6 £ 29 59.9 £ 2.7 165.0 + 2.0 59.5 + 3.6
ECM 464.7 + 22.6 4256 + 15.8 96.6 + 4.7 91.7 £22 36.7 £ 4.2 41.0 + 2.6 375+ 1.7 58.6 £ 1.3 1743 £9.1 59.1 £ 3.8
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Fig. 11. Relationships between carrier elongation ratio (ER) and salbutamol sulphate () recovered dose (RD), (A) emitted dose (ED) (a); (¢) emission (EM) (b), (OJ) impaction
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n=3).

were plotted against carrier ER. It is clear that, generally, higher
amounts of SS with aerodynamic diameter less than 10.49 pm,
5.49 pm, and 2.5 pm were produced by using carriers with higher
ER. This indicates that SS particles adhered to carriers with higher
ER were aerodynamically “more efficient” than drug particles
adhered to carriers with smaller ER. However, when carrier ER
increased from 4.83 to 5.89, the amounts of cumulative SS did not
change significantly (P>0.05) (Fig. 10c).

Different formulations produced different (P<0.05) recovered
dose (RD), emitted dose (ED), recovery (RE) and emission (EM) of
SS according to carrier used (Table 2). Except for SS-CL formulation,
RE for all formulations falls within the acceptable range of 75-125%
(Byronetal., 1994) (Table 2). Differences in RD, ED, RE and EM could
be attributed to different carriers employed within different formu-
lations. Generally, carriers with higher ER produced higher RD and
ED of SS upon inhalation (Fig. 11a). This could be ascribed to less
drug-carrier mechanical interlocking in case of carriers with higher
ER leading to increased drug—carrier detachment upon inhalation.
It can be seen that, compared to CM and CL, ACM and ECM car-
riers produced higher RDs and EDs of SS but lower EMs (P<0.05)

(Table 1). In fact, RD and ED are aerosolisation properties while EM
is more related to powder flowability (Smyth and Hickey, 2005;
Jiang et al., 2005; Murakoshi et al., 2005). Fig. 11b shows that car-
riers with higher ER produced smaller EM of SS upon inhalation
(linear, r2 =0.8653). This could be attributed to poor flowability for
carriers with higher ER (Fig. 5b) which is expected to negatively
affect powder outflow during inhalation (lida et al., 2001).

In DPIs, drug aerodynamic diameter is an important measure
that determines its deposition site in the lungs, and thereby, the
success of inhalation therapy. In this study, SS showed geomet-
ric mean diameter (De) and theoretical aerodynamic diameter
(Dge) of 1.8+ 0.3 wm and 2.1 £0.3 wm (mean =+ SD, n=3), respec-
tively. In fact, higher D,e of SS compared to D. was expected as
SS have Dyye higher than 1 (1.39+0.01g/cm?3). All formulations
produced similar (P>0.05) mass median aerodynamic diameter
(MMAD) (3.21+£0.18 wm) and similar geometric standard devia-
tion (GSD) (2.15 £ 0.04) of SS (mean =+ SD). However, this similarity
does not necessarily indicate similar drug aerosolisation efficiency
(Martonen et al., 1992). MMAD for SS (3.21 £ 0.18 pm) was signif-
icantly higher than D,e (1.8 £0.3 m) which could be ascribed to



W. Kaialy et al. / International Journal of Pharmaceutics 421 (2011) 12-23 21

cohesion (aggregation) between SS particles in dry state (Fig. 8a;
Bosquillon et al., 2004) and rod-shape nature of SS particles (Fig. 8a;
Bosquillon et al., 2001).

Impaction loss (IL) of SS obtained from all formulations is listed
in Table 2. In theory, it can be assumed that IL refers to the amounts
of drug that is still adhered to the carrier surface and has not
been liberated during inhalation. By comparing different formu-
lations, carriers with higher ER produced smaller IL of SS (Fig. 11c).
This confirms that drug particles blended with carriers with higher
ER were easier to detach from carrier surfaces than drug par-
ticles blended with carriers with smaller ER. Drug dispersibility
(DS) ranged from 15.4 4 1.1% for SS-CM formulation to 41.5 +2.6%
for SS-ACM formulation whereas fine particle dose (FPD) varied
between 56.7 + 5.6 ug for SS-CM formulation and 174.3£9.1 pg
for SS-ECM formulation (Table 1).

In theory, according to De, Dae, and/or MMAD, all SS parti-
cles are supposed to deposit on peripheral alveolar airway regions
(Mitchell and Nagel, 2003; Stahlhofen et al., 1980) giving fine par-
ticle fraction (FPF) of 100%. Nevertheless, different formulations
produced different FPFs ranging between 14.8 & 1.1% for SS-CL for-
mulation and 38.6 + 2.9% for SS-ACM formulation (Table 2). In fact,
in drug-carrier DPI systems, two consequent steps are crucial to
achieve good inhalation performance. First step is the emission of
small drug particles adhering to large carrier particles from the cap-
sule and inhalation device, denoted by EM deposition parameter.
Second step is drug separation from the emitted carrier particles
(drug re-dispersion or drug-carrier de-aggregation), which could
be assessed by FPF deposition parameter. However, by compar-
ing the formulations in the study, it can be concluded that there
is no apparent relationship between EM and FPF (Table 2). For
an ideal DPI, effective inhalation index (EI) (which is related to
both EM and FPF) should be 100% (Hino et al., 1998; Nakate et al.,
2004). In this study, EI for SS was ranged between 37.80 4 1.49%
for SS-CM formulation to 59.88 & 2.65% for SS-ACM formulation
(Table 2).

FPD and Constant K produced by different formulations
were in the following rank order according to carrier type:
CM<CL<CCM<ACM~ECM. Higher FPD and constant K indicate
higher amounts of SS deposited on lower airways (which is pre-
ferred in case of SS (Price and Clissold, 1989)). It can be noticed
that there is a wide variation in FPD and constant K measurements
in case of SS-CCM formulation (Table 2). That could be due to high
variability in physical properties of CCM sample in terms of particle
shape, size, and crystal form as discussed previously.

All variations in SS aerosolisation efficiency between different
formulations could be attributed to different carrier products as
the same batch of drug was used in all blends. Differences in carrier
shape are likely to affect drug aerosolisation performance (Hickey
et al,, 1992; Lippmann and Timbrell, 1990). In this study, carriers
with higher ER produced higher constant K (Fig. 11d), higher FPD
(Fig. 11e), and higher FPF (Fig. 11f) of SS upon inhalation indicat-
ing their better inhalation performance. This could be ascribed to
enhanced drug-carrier deaggregation as a result of less stable con-
tact area in case of elongated particles (Otsuka et al., 1988). Also,
by using carriers with higher ER, carrier particles become more
potential for enhanced DPI performance in terms of higher SSAy
(Fig. 3b; Cline and Dalby, 2002), higher porosity (Fig. 3c; Vanbever
et al., 1999), and higher amounts of fines (Islam et al., 2004). How-
ever, statistical analysis showed that ACM (ER=4.83 +0.18) and
ECM (ER=5.89+£0.19) carriers produced similar FPF for SS. This
suggests an optimal carrier ER above which any further increase in
carrier ER does not seem to enhance DPI inhalation performance.
Finally, it is known that carrier polymorphic form has an important
effect on DPI drug-carrier interactions due to its effect on particle
surface free energy (Traini et al., 2008). Comparing the aerosolisa-
tion behaviour of different mannitol carrier particles investigated

in this study suggested that a-mannitol carriers produced better
aerosolisation performance than 3-mannitol.

4. Conclusions

This report provided, for the first time, systemic compar-
ison of several DPI formulations with increasing carrier ER
up to ~6.To a certain point (ER~5), carriers with higher ER
produced higher amounts of drug delivered to lower airway
regions. However, it was proved that the higher the carrier
ER the poorer the flowability, the higher the amounts of drug
loss, and the higher the amounts of drug deposited on throat
which are all considered disadvantageous in DPI systems. Clearly,
achieving control of drug aerosolisation performance requires
full understanding of all parameters that are known to influ-
ence drug particle, carrier particles, and drug-carrier interactions.
The present study showed that mannitol particles crystallised
from either acetone or ethanol (a-mannitol) showed the best
aerosolisation performance whereas poorest aerosolisation per-
formance was obtained from grounded mannitol ([3-mannitol).
Unfortunately, studying the effect of only one property with
keeping the other parameter/property on aerosolisation perfor-
mance is practically very challenging as these properties are
related to each other. Despite that the use of elongated carrier
particle produced improved DPI performance; further work is
required to investigate the effect of carrier ER in relation to drug
ER.
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